Abstract: This paper reports on the electromagnetic effects on the biological tissue surrounding a transcutaneous transformer for an artificial anal sphincter. The coupling coils and human tissues, including the skin, fat, muscle, liver, and blood, were considered. Specific absorption rate (SAR) and current density were analyzed by a finite-length solenoid model. First, SAR and current density as a function of frequency (10-10 7 Hz) for an emission current of 1.5 A were calculated under different tissue thickness. Then relations between SAR, current density, and five types of tissues under each frequency were deduced. As a result, both the SAR and current density were below the basic restrictions of the International Commission on Non-Ionizing Radiation Protection (ICNIRP). The results show that the analysis of these data is very important for developing the artificial anal sphincter system.
Introduction
There have been many types of artificial anal sphincters developed to control anal incontinence (Lehur et al., 2000; Guralnick and Webster, 2003; Kakubari et al., 2003; Finlay et al., 2004; Doll et al., 2007; Zan et al., 2008a) , but to date these devices have been associated with many complications and have not gained acceptance. To overcome the shortcomings, a transcutaneous power delivery system (TPDS) is applied externally to the totally implantable artificial anal sphincter (Zan et al., 2008b; ). This method is superior to others because it reduces the possibility of infection and keeps the skin uninjured, and also provides the patient with a better quality of life.
The TPDS transfers energy by means of electromagnetic induction between two transcutaneous coils placed face-to-face on each side of the lateral abdominal skin. However, for the practical application of this method, it is necessary to investigate the electromagnetic effect of the TPDS on biological tissue.
Specific absorption rate (SAR) and current density are usually used as indexes of biological electromagnetic safety (Sullivan et al., 1987) . A mathematical method derived from Cristina and Parise (2008) 's research allows for the rapid and accurate computation of the SAR induced inside a plane geometry fat-muscle tissue by exposure to a shortwave diathermy induction coil. However, the current density was not considered and the types of biological tissues were only limited to fat and muscle. Shiba et al. (2008) analyzed the SAR and current density with an electromagnetic simulator in a model consisting of a primary coil and a human trunk including the skin, fat, muscle, small intestine, backbone, and blood. However, the position and shape of the coils in TPDS are different from the ones in Shiba et al. (2008) , so the analytic model and related biological tissues need to be reconsidered for the artificial anal sphincter system (AASS).
Generally, there have not been any studies on the electromagnetic effects on biological tissue surrounding a transcutaneous transformer for an artificial anal sphincter. In this paper, according to the basic restrictions defined by the International Commission on Non-Ionizing Radiation Protection (ICNIRP Guideline, 1998), both the SAR and current density are analyzed by a finite-length solenoid model. At the same time, the coupling coils and human tissues including the skin, fat, muscle, liver, and blood are considered for the AASS.
Materials and methods

Transcutaneous power delivery system
An artificial anal sphincter with a TPDS consists of a sensor and execution unit, an internal control unit, an external control unit, an external energy emitting unit, and two transmitting coils. As Fig. 1 shows, the whole system is composed of two components. One is implanted inside the body; the other is placed outside the body. The whole implanted part is powered by the TPDS.
An equivalent circuit of the TPDS is shown in Fig. 2a . In the TPDS, the energy receiver gets the energy from the coupling between the primary and the secondary coils. Fig. 2b shows the transcutaneous transformer considered in this paper. The external coil has an outside diameter of 30 mm (78 turns), inside diameter of 10 mm, and thickness of 5 mm. The internal coil has an outside diameter of 35 mm (154 turns), inside diameter of 12 mm, and thickness of 5 mm. The coils are made of copper litz-wire, in consideration of the skin effect, which has the tendency for high-frequency current to flow on the surface of a conductor. A maximum power of 300 mW in the TPDS is required to power the artificial anal sphincter.
SAR and current density
SAR and current density are used as two most important indexes for electromagnetic influences, which can be expressed by
where E is the electromotive intensity, σ is the electrical conductivity of biological tissue, ρ is the density of biological tissue, and J is the current density. As defined by the ICNIRP (2009), Table 1 shows the basic restrictions on the SAR and current density. 
Finite-length solenoid model
Because both of the transcutaneous coils are placed face-to-face on each side of the lateral abdominal skin, and the current in the first coil is far larger than the current in the second coil, we can ignore the electromagnetic influence generated by the second coil. A finite-length solenoid model for numerical analysis is shown in Fig. 3 (Arai et al., 2002; Tai and Liao, 2007) .
According to the Maxwell's law, magnetic flux density B and electromotive intensity E can be expressed by 
where n is the turn number of the solenoid, μ 0 is the vacuum permeability, I is the low-frequency current and I 0 is the virtual value of I, ω is the angular frequency, t is the time, j is the imaginary unit, and ε 0 is the relative permittivity.
Using Eqs. (1)- (5), SAR and current density can be expressed as follows: 
According to different frequencies and tissues, the electromagnetic effects can be analyzed by the solenoid model. The relation between the conductivity and frequency is shown in Fig. 4 (Gabriel S. et al., 1996; Zhao et al., 2004; Gabriel C. et al., 2009 ).
Results and discussion
The simulation parameters for electromagnetic effects on biological tissues are listed in Table 2 .
Using Eqs. (6) and (7), the SAR and current density of the muscle (as a typical value) can be calculated under each frequency and tissue thickness. Fig. 4 Relation between conductivity and frequency of the solenoid model Adopted from Gabriel S. et al. (1996) , Zhao et al. (2004) , and Gabriel C. et al. (2009) R: radius of the solenoid;
x and z: reference axes
Fig. 3 Finite-length solenoid model for numerical analysis
Adopted from Arai et al. (2002) and Tai and Liao (2007) As Fig. 5a shows, the SAR of the muscle becomes larger as the frequency and the tissue thickness rise, and the thickness influences the SAR less than the frequency does. The maximum SAR value of the human trunk is 0.0103 W/kg under 10 7 Hz, which is much smaller than the ICNIRP's basic restrictions of the SAR for the head and trunk (10 W/kg) and the whole-body average (0.4 W/kg). As Fig. 5b shows, the current density of the muscle also becomes larger as the frequency and the tissue thickness rise. The thickness also influences the current density less than the frequency does. As the frequency rises upon 10 6 Hz, the current density becomes obviously larger. The maximum current density 5005.8 mA/m 2 under 10 7 Hz is sufficiently smaller than the ICNIRP's basic restrictions of 10 5 mA/m 2 .
The SAR and current density of five types of tissues under each frequency are calculated (Fig. 6) . Each tissue produces a different SAR and current density, because each tissue has a different specific conductivity. At the same time, the maximum SAR and current density appear in muscle due to its higher conductivity. Receiving power (mW) 300
Load impedance (Ω) 30 The transmission frequency of the TPDS developed in this paper is 29 800 Hz, and the effective value of the emitting current is about 1.5 A. The SAR and current density of different types of biological tissues can be calculated under the precondition (Fig. 7) . The SAR and current density are sufficiently small and far below the ICNIRP's basic restrictions.
Conclusions
We analyzed SAR and current density in biological tissues surrounding a transcutaneous transformer. First, a finite-length solenoid model for numerical analysis was built. SAR and the current density under frequencies of 10-10 7 Hz were calculated, and human tissues including the skin, fat, muscle, liver, and blood were considered. We found that the SAR and the current density in the vicinity of the transformer were sufficiently small for a transcutaneous transmission of 300 mW and 1.5 A. The result shows that taking into account the biological tissue is very important for developing the transcutaneous transformer, not only for the artificial anal sphincter, but also for other implanted devices with the TPDS. In the future, further animal experiments will be undertaken and evaluated for developing the safety and performance of the TPDS. 
